• Optimization for biogas yield was conducted using response surface methodology • Mixed culture from sago industry sludge can produce effective biogas • The optimum condition for biogas production and COD removal was at pH 7 and 32 °C
Sago, the common edible starch processed from the tubers of cassava (Mannihotesculenta) is one of the major tuber crops grown in more than 80 countries in the humid tropics. In the southern part of India, particularly in Tamil Nadu, there are about 800 small-scale units of sago industries discharging about 40,000 to 50,000 L of sago wastewater and 15 to 30 t of sludge per unit per day [1, 2] . Sago processing industries generates two types of wastewater; one resulting from the washing and peeling of cassava in a rotary drum with low chemical oxygen demand (COD) and the other from the extraction process which owns a high contaminating load of COD and biochemical oxygen demand (BOD). Hence, large quantities of processed water up to 15 m 3 /t of fresh cassava root are converted into wastewater, which must be treated before its release into the environment. The amount of water used to produce one ton of starch ranges from 10-30 m 3 and repeated washing improves the starch quality [3] .
Due to stringent environment protection regulations, it is necessary for the processing industry to treat wastewater [4] . Hence, it has become mandatory for these units to treat the wastewater for safe discharge. There is ample space for an effective and complete treatment system which will ensure a safe effluent standard limit and hidden energy recovery in the form of biogas before the disposal [1] . Viewing the socio-economic profile of small-scale industrial farming operations, it is necessary to develop a suitable low-cost treatment method for treatment of sago wastewater [3] . Physical and chemical methods of treating the sago wastewater have been unpredictable due to the problem of sludge disposal. Biological methods are classified into two types: aerobic processes [5] [6] [7] , which have limited applicability due to aeration cost [8, 9] , and anaerobic processes at high treatment rate such as anaerobic filter [10] , hybrid UASB [11] , anaerobic rotating biological contactor [12] and fluidized bed [1] systems.
From previous literature, it is found that most of the researchers successfully used anaerobic processes for treatment of sago wastewater [11] [12] [13] . Various anaerobic treatment techniques, including conventional method, pave way for sustainable environment [14] [15] [16] [17] [18] . Anaerobic treatment has an advantage of degrading concentrated waste and producing significantly less sludge [4] . Because of variations in process variables, anaerobic treatment processes are rare at the industrial scale and easily unstable under certain circumstances. Therefore, the model has been developed to optimize the treatment process for COD removal, BOD removal and biogas production, as functions of the following operating variables: pH, initial BOD, temperature and retention time. Response surface methodology (RSM), a mathematical (statistical) technique, is commonly used for developing, analysing, optimizing, and understanding performance of complex variables in an efficient mode. Recently, it has been successfully applied to different wastewater treatment for achieving optimization using experimental designs [19] [20] [21] [22] [23] [24] [25] . The advantage of using RSM is the reduction in the number of experiments, compared to a full experimental design at the same level [26] .
The objective of the present work is to study the treatment of COD and BOD removal and biogas production in anaerobic digestion of synthetic sago wastewater, and also optimizing the effect of the process variables such as pH (4) (5) (6) (7) (8) , initial BOD concentration (798-1702 mg/L), temperature (26-34 °C) and retention time (4-12 days) using RSM. A full factorial Central Composite Design (CCD) was employed for the optimisation of process variables.
MATERIALS AND METHODS

Sago wastewater
Preparation of synthetic sago wastewater was reported elsewhere [27] and the physicochemical characteristics of the synthetic sago wastewater were analysed as per standards of American Public Health Association (APHA) [28] . The characteristics of the wastewater were pH: 6. 
Experimental setup and procedure
The experiment was carried out in a batch reactor of 1 L capacity (Figure 1 ) for different time intervals (4-12 days). Mixed sludge from sago industry was used as inoculum (10 vol.%) containing methanogenic bacteria of Methanosarcina, Methanococcoides, Methanoplanus and Methanospirillum. The pH was adjusted by 1 M HCl or 1 M NaOH using a pH meter (1283286 Eutech Instruments, Singapore). Initial BOD was varied from 798 to 1702 mg/L by adding sago powder and temperature was adjusted from 26 to 34 °C with the help of a water bath. The samples were taken for analysis of COD by the open reflux method and for BOD by the standard dilution technique according to APHA [28] and also for biogas production [13] . 
Experimental design
Four factors and five levels of rotatable CCD were carried out with 30 experimental runs. Twenty four experiments were augmented with six replicates at the design centre to evaluate the pure error. Each variable was varied from 5 levels and the relationship between the coded and actual values are described as follows: as well as the effect of the interaction were determined, and numerical optimisation was performed to determine the optimal solution (maximum COD removal, BOD removal and biogas production).
RESULTS AND DISCUSSION
Statistical analysis and fitting of second order polynomial equation
Several factors influence the removal of COD and biogas production from the synthetic sago wastewater, but initial BOD, pH, temperature and retention time play important roles.
The response COD, BOD and biogas were measured for different runs according to the design matrix carried out based on the design of experiment and the values for random runs are shown in Table 1 . CCD seeks to minimise the integral of the prediction variable across the design space. Experimental results were analysed, approximating the function of COD and BOD removal and biogas production. The regression equations (3) 
To check the estimated regression equation for the goodness of fit, Fishers F-test was employed and the multiple correlation coefficients R 2 was calculated [21] . The ANOVA results showed the significant res- Even though the cubic model was found to be aliased, prob > F values were greater than 0.05. Therefore, the quadratic model was chosen for further analysis. Adeq Precision measures the signal-to-noise ratio; typically a ratio greater than 4 is desirable. Thus, signal-to-noise ratios of 56.422, 47.407 and 31.701 for removal of COD, BOD and biogas production, respectively, indicate an adequate signal, and this model can be used to navigate the design space. The result indicates that the process variables are significant factors that affect the response variables. The interacting terms significant for removal of COD, BOD and biogas production are shown in Table 2 .
Effect of independent variables on % COD and % BOD removal
The polynomial equation framed for the above analysis was expressed as three-dimensional surface plots to visualise individual and interactive outcome of factors on the response within the design range. According to the quadratic model X 1 , X 2 , X 3 and X 4 In mixed sludge, methane producing bacteria are sensitive to mesosphilic temperature range; the graph shows that at 32 °C removal of COD and BOD were achieved at a maximum. Further increase in temperature is not significant in COD removal and also the production of bio gas decreases. Retention time less than 4 days is insufficient for a stable digestion because initial volatile fatty acid concentration was high in the wastewater. After 8-10 days there is a decrease in volatile fatty acid which leads to high COD removal [29] . Therefore, increase in retention time increases the COD removal [1, 13] . Similarly, increase in retention time increases the BOD removal due to reduction in organic content of the wastewater caused by anaerobic digestion. Effect of independent variables on biogas production Biological decomposition of organic wastes results in biogas production. The variation in parameters such as pH, initial BOD, temperature and retention time are significant factors affecting the growth of microbes during anaerobic digestion. From Figure 4 it is observed clearly that an increase in retention time proportionately increases the biogas production, which further indicates that a maximum of 99.4 ml/day of the biogas was recovered at optimum condition. Anaerobic digestion can take place at either mesophilic or thermophilic temperatures. Even small changes in temperature from 32-34 °C have been shown to reduce the biogas production rate. Hence, mixed sludge was suitable for biogas recovery in the mesophilic temperature in which anaerobes are active at 32 °C. pH is an important parameter for anaerobic digestion. The suitable pH range for methane producing bacteria is 6.8-7.2. The pH range of 5.5-6.5 is suitable for acetogenic bacteria. The pH is maintained with a methanogenic range to prevent the predominance of the acid forming bacteria [4] .
From the results, it was found that the optimum pH is 7 for biogas production. 
Optimization of experimental conditions
The optimum region was identified by considering the maximum removal of COD, BOD and biogas production. The optimized process conditions obtained at pH 7, initial BOD 1374 mg/L, temperature 32 °C and a retention time of 10 days showed a maximum COD and BOD removal of 81.85 and 91.16%, respectively, and maximum biogas production of 99.4 ml/day with a desirability of 0.991. The results obtained at 10 days of retention time show higher BOD removal, COD removal and biogas production [2] .
CONCLUSION
In the present study, anaerobic digestion methodology has been employed for reduction of COD and biogas production under optimal condition. The RSM based CCD was shown to be useful for the design of experiments to investigate the effect of the four estimated parameters (pH, initial BOD, temperature and retention time) on the response parameters (COD and BOD removal and biogas production). The results showed good agreement between experimental and predicted values. Based on the ANOVA table, the coefficient of determination (R 2 ) values of 0.994 and 0.988 indicate the adequacy of the model for COD removal and biogas production, respectively. Maximum COD reduction and biogas production was achieved at a pH value of 7, initial BOD of 1374 mg/L, temperature of 32 °C and with the retention time of 10 days. It was identified from this study that COD reduction and biogas production in the treatment of synthetic sago wastewater using anaerobic digestion is very effective and the operating variables highly influence the response variables. Hence, this study was a unique attempt to optimise the treatment and production of effective biogas using anaerobic digestion treatment. The RSM model helped to identify the most significant operating factors and the optimum levels with minimum effort and time.
